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Abstract 
We use computational simulations to compare the impact response of different football 
and U.S. Army helmet pad materials. We conduct experiments to characterize the 
material response of different helmet pads. We simulate experimental helmet impact 
tests performed by the U.S. Army to validate our methods. We then simulate a 
cylindrical impactor striking different pads. The acceleration history of the impactor is 
used to calculate the Head Injury Criterion for each pad. We conduct sensitivity studies 
exploring the effects of pad composition, geometry, and material stiffness. We find that: 
(1) The football pad materials do not outperform the currently used military pad 
material in militarily-relevant impact scenarios; (2) Optimal material properties for a 
pad depend on impact energy; and (3) Thicker pads perform better at all velocities. Our 
analysis suggests that by using larger helmet shells with correspondingly thicker pads, 
impact-induced traumatic brain injury may be significantly reduced. 
Keywords: helmet, pad, head injury, traumatic brain injury, head injury criterion, 
impact  
                                                
* NOTICE: This article has been authored by Lawrence Livermore National Security, 
LLC (“LLNS”) under Contract No. DE-AC52-07NA27344 with the U.S. Department of  
Energy for the operation of Lawrence Livermore National Laboratory (“LLNL”).  
Accordingly, the United States Government retains and the publisher, by accepting the  
article for publication, acknowledges that the United States Government retains a  
nonexclusive, paid-up, irrevocable, world-wide license to publish or reproduce the  
published form of this article, or allow others to do so for United States Government  
purposes.   
  
LLNS and LLNL make no warranty as to the quality of the material or as to the  
presence or absence of rights therein of any other party, and we do not purport to  
disclaim, release or grant any rights other than our own. 
2
LLNL-JRNL-490182-DRAFT 
1
L
  
1 Introduction 
About 80% of the 1.6 to 3.8 million annual U. S. civilian cases of head impact-induced 
traumatic brain injury (TBI), ranging from mild concussions to life threatening injuries, 
occur in motor vehicle accidents. About 20% occur in contact sports, primarily football 
[1].  Among deployed U. S. soldiers, IED attacks and other hazards have led to 
approximately 179,000 cases of TBI between 2000 and 2010 [2], caused by some 
combination of explosive blast exposure and impacts. Despite a better understanding of 
impact-induced TBI compared to blast induced TBI, helmet protection against impact-
induced TBI is still deficient.  Both combat helmets and sports helmets, particularly in 
youth sports, have lacked stringent impact TBI protection standards. The latter 
circumstance has led to the 2011 Children’s Sports Athletic Equipment Safety Act, 
requiring improved regulation of youth helmets [3].   Although use of modern helmets 
has reduced concussions in the NFL, there is a dearth in understanding of the 
comparative efficacies of different helmet systems, thus indicating a need for such a 
study.  
Here we present key results from a detailed computational study [4] comparing 
the impact response of selected football pad materials to U.S. Army helmet pads.  This 
effort builds on our prior computational experience of comparing of the response of 
helmets and skulls to blasts versus impacts [5].  Although rotational accelerations can 
produce traumatic brain injury,  we restrict our study to only linear accelerations from 
impacts  because helmet pad materials and systems are limited in their ability to reduce 
injuries from non-impact rotational accelerations. Our aims are to elucidate the basic 
governing principles of pad protection against impact-induced TBI, compare the 
efficacy of football helmet pads with those currently used in U.S. Army helmets, and 
       
identify practical improvements that could be made to better protect soldiers or athletes. 
Our work is based on studying pad systems from four different manufacturers: Team 
Wendy, which produces the currently used U.S. Army pad; Oregon Aero, which 
produces the formerly used U.S. Army Pad; and Riddell and Xenith, which are both 
football helmet manufacturers.  
We employed the following methods for our study:  First, we conducted 
experimental compression tests at different compression rates of the various pad 
materials and of full pad systems in order to determine appropriate material properties 
for our computational models. We then conducted two sets of simulations. The first set 
of simulations was intended to validate our measured material properties and our 
simulation methodology. These simulations recreated a series of crown impact tests [6-
8] conducted by the U.S. Army Aeromedical Research Lab [USAARL] on Army 
helmets with both Team Wendy and Oregon Aero pads. Good agreement between the 
simulation predictions and experimentally measured data validated our simulation 
methodology. Using this validated methodology, we designed a second set of 
simulations to isolate only the effects of the pad material on the impact response.  These 
simulations consisted of a cylinder impacting a circular pad, removing the complicating 
effects of the helmet shell deformation, pad arrangement, impact angle, etc. These 
impact simulations allowed us to study the influence of pad material, composition, and 
geometry (thickness and area) on the impact response. 
2 Experimental Characterization of Helmet Pads 
Figure 1 shows the pads from four different manufacturers that were used in this study. 
Team Wendy makes the currently used U.S. Army pad, which consists of a bilayer foam 
(55.2 kg/m3 and 54.6 kg/m3) inside a waterproof polymeric wrapper and cloth bag.  
Oregon Aero makes the formerly used U.S. Army pad, which consists of a different 
 bilayer foam (89.6 kg/m3 and 86.9 kg/m3) with a waterproof coating, also inside a cloth 
bag. Riddell manufactures the helmets most commonly used by the NFL. Riddell makes 
various types of helmets with different pads; the pads studied here were taken from 
Riddell’s RevolutionTM helmet and consist of a bilayer foam (97.7 kg/m3 and 66.9 
kg/m3) inside an inflatable casing with air relief channels connecting the pads (referred 
to by Riddell as their Custom FitTM Liner).  Xenith also makes various different football 
helmets. The pads studied here were taken from Xenith’s X1 helmet, and consist of an 
elastically buckling air-filled structure, with a thin foam cushion for comfort. 
Material properties for the various pads were obtained from low and high strain 
rate unconfined compression tests performed at Lawrence Livermore National Lab 
[LLNL]. For the three pad systems that consist of a bilayer foam inside a covering (the 
Team Wendy, Oregon Aero, and Riddell pads), tests were performed on both the 
individual foam materials, and the complete pad system, with and without covering. 
Since the Xenith system achieves a foam-like behavior through the use of an engineered 
elastically buckling structure rather than a combination of different individual foam 
materials, only complete pad system tests were performed on the Xenith pads. The tests 
were used to determine material properties for numerically simulating the impact 
response of the pads. All tests were conducted at room temperature. 
 Our analysis code includes a non-linear rate-sensitive foam material model 
developed by Puso [9] to represent the pad materials. The properties of each foam in 
each pad were obtained by fitting this model to the experimental data. For the Xenith 
pads, the response of the complete pad system resembles that of a bilayer foam, so these 
pads were modelled as a bilayer foam with properties adjusted to fit the measured 
Xenith pad response. The data from the foam characterization experiments and further 
details regarding the material model are given in Appendix B of [4].  
       
The air trapped by the waterproof coverings on the Team Wendy and Oregon 
Aero pads did affect the pad response. The effects of this trapped air were included in 
the simulations by placing a compressible material with appropriate properties in 
parallel with the foam material.  More detail regarding this methodology is described in 
Appendix C of [4]. Although the Riddell system also has a pad covering, our 
compression tests indicated that its covering does not affect the pad response for the 
impact velocities considered (<6.10 m/s), whether pre-inflated or not. This is 
presumably due to the relief channels between adjacent pads that allow air to flow from 
one pad to its neighbours.  
3 Validation simulations of USAARL experiments 
3.1 Simulation Methods 
To establish the validity of our computational methods and foam material models, we 
first simulated crown impact experiments performed previously by the USAARL ([6-7]) 
and compared our simulations to the experimental data [8].  Figure 2 shows the typical 
experimental configuration [6] consisting of a magnesium alloy headform from Cadex, 
Inc. [10] secured by a tightly cinched chinstrap to a Kevlar™ Advanced Combat 
Helmet [ACH] shell containing Team Wendy or Oregon Aero foam pads.  The 
headform is attached to a vertical track by a metal arm and is on a gimballed mount that 
allows selection of arbitrary impact points on the helmet.  However, all experiments that 
we simulated were crown impact experiments. The headform is constrained by the arm 
and track to move only in the vertical direction.  The weight of the headform and arm is 
5 kg (approximately the mass of a human head).  The helmet/arm is dropped onto a steel 
anvil from sufficient heights to overcome the track friction and achieve desired impact 
velocities ranging from 1.52-6.10 m/s, which is considered by the Army to be the range 
 of militarily-relevant non-lethal impact velocities [6-7]. 
Data for two different impact velocities (3.05 m/s and 4.31 m/s) were available, 
for both the Team Wendy and Oregon Aero pads. For the Team Wendy experiments, 
complete time history data for the motion of the headform was available [8], allowing 
simulation predicted and experimentally measured velocity and acceleration traces to be 
compared directly. For the Oregon Aero experiments, only peak acceleration data were 
available [6]. 
The experiments were simulated in 3-D using the finite element analysis 
software PARADYN [11], which is a massively parallelized version of the Lawrence 
Livermore National Laboratory [LLNL] developed DYNA3D analysis software. This 
analysis code is specialized for the simulation of impacts and other dynamic events.  
The simulation geometry is shown in Figure 3 and incorporates accurate 
geometric representations of the experiment components. An X-ray computed 
tomography (CT) scan of an actual ACH was used to develop the 3D geometry of the 
helmet shell in the model, which was then smoothed and meshed. The headform 
geometry was created from drawings available from the manufacturer [10]. The pad 
geometry was obtained by measuring manufacturer-supplied samples. Further details 
pertaining to the model geometry are given in Appendix A of [4]. Figure 3a shows a 
cutaway along the symmetry plane. An interior view of the complete helmet and pad 
mesh is shown in Figure 3b.  
Material properties for the foam pads were obtained from experiments as 
described in the preceding section. Material properties for the Kevlar™ helmet shell 
were obtained from the literature [12].  The magnesium K1-A alloy headform was 
modelled as a linearly elastic material [13].  Room temperature conditions were 
assumed for all simulations. 
       
In the simulation, the helmet, pads, and headform have initial downward 
velocities that are equal to the test velocities in the USAARL experiments, while the 
steel anvil is constrained to be motionless on its bottom face.  The simulation begins 
approximately 0.5 ms prior to anvil contact.  Because the pads do not initially conform 
to the curved surfaces of ACH shell and headform, there are initially small gaps at the 
interfaces. Early in the simulation, the impact loads displace the pads so that they 
conform to the headform and shell geometries. All contact in the simulation is modelled 
as sliding with friction (friction coefficient µ = 0 at the headform-pad interface, and 
µ = 1 at the pad-helmet and helmet-anvil interfaces). 
3.2 Simulation Results 
Figure 4 shows comparisons of the simulated and experimentally measured headform 
velocity (measured at the headform center-of-mass) for 3.05 and 4.31 m/s impact 
velocities [7-8], with the helmet containing size #6 Team Wendy pads (which are 1.91 
cm thick). Two sets of experimental data are shown in the figure to show the typical 
experimental scatter.   There are only slight differences between the simulations and the 
experimental data. The agreement of the predicted and measured rebound velocities 
shows that the overall energy transfer and dissipation is modelled correctly. 
Figure 5 shows the simulated and experimentally measured headform center-of-
mass accelerations. All traces have been filtered at 1500 Hz to eliminate noise. The 
simulation results exhibit some oscillations in the acceleration history that are more 
severe than those in the experimental data. This is a relatively common occurrence in 
the simulation of impact events. These oscillations may be due to the loose fit of the 
internal components in the simulation model compared to the “tightly cinched” [14] 
chinstrap in the experimental setup, or other differences in the constraints on the 
 headform in the experiment versus the simulation. Another possibility is that there may 
be damping mechanisms in the actual experiment that suppress higher frequency rattling 
of the headform, which were not modelled in the simulations.  
These oscillations are not overly significant when evaluating the severity of the 
impact as it relates to injury. In general, head injury depends on both peak acceleration 
and duration of the acceleration event. The simulation predicts both of these metrics 
accurately despite the oscillations.  In particular, the peak acceleration values (the 
metric reported by USAARL when evaluating a helmet pad system) predicted by the 
simulation lie within the experimental scatter of the measured values, as shown in Table 
1.   
More sophisticated metrics for evaluating impact severity exist. In particular, we 
employ the Head Injury Criterion (HIC) [15] in this study, which is a well established 
metric that quantifies the severity of the linear time-dependent acceleration history in an 
impact event. Refer to the Appendix for further detail regarding the HIC and our 
reasons for using it in this study. For the 4.31 m/s experiment, the HIC computed for the 
experiment and the simulation agree well. For the 3.05 m/s experiment, the oscillations 
in the simulation slightly reduce the average acceleration during the event, resulting in a 
lower HIC. 
Data for peak acceleration in crown impacts at the same velocities, using Oregon 
Aero pads, were also available from USAARL [6-7]. We repeated the simulations 
replacing the Team Wendy pads with Oregon Aero pads, which are more compliant, 
and again found the simulation predictions to lie within the experimental scatter of the 
data, as shown in Table 1. No time history traces for the Oregon Aero impact 
experiments were available. 
       
By showing that our simulations accurately predict experimentally measured 
velocities, peak acceleration, and acceleration duration in a helmet impact event, we 
have demonstrated that our material representations of the pad systems are reasonable 
and that our simulation methods are robust.  
4 Pad response in cylinder impact simulations 
4.1 Simulation Methods 
Football helmet shells are larger and cover more of the head than an ACH, and employ 
pads that are nearly double the thickness of ACH pads.  Football helmet shells deform 
and absorb energy differently than an ACH under impact.  The distribution of pads 
within the helmets also differs, as shown in Figure 6.  These differences can obscure the 
effects the pad materials have on head injury when full helmet simulations or 
experiments are conducted. To isolate the effects of the pad materials and to create a 
standardized comparison between them, the simplified geometry shown in Figure 7 was 
developed, instead of a more realistic head and helmet geometry. The simplified 
geometry consists of a cylindrical impactor hitting a circular pad that rests on a 
frictionless rigid surface. An initial velocity is imparted to the impactor and the velocity 
and acceleration history of the center of the impactor is tracked.  
The Head Injury Criterion (HIC) associated with this acceleration history is 
computed and used to compare pad performance. The definition of the HIC and the 
reasons for using it as a comparative metric are discussed in the Appendix. Note that the 
HIC calculated for this simplified geometry is not used to predict the probability of 
injury associated with the use of a given pad, since the acceleration history and 
corresponding HIC associated with a geometrically accurate head and helmet system 
would be different.  Factors such as deformation of the helmet shell, off-axis effects, 
 sharing of load between multiple pads, effects of the chin strap, etc. could help mitigate 
or exacerbate the impact. Consequently, when we state that a given pad produces a 
certain HIC in the cylinder impact simulation, this does not mean that a helmet 
containing those pads would necessarily produce the same HIC. 
The impactor has a mass comparable to a typical human head (5 kg) and is made 
of magnesium alloy like the experimental headforms used by USAARL. The impactor 
has a diameter 10% greater than the pad so that edge effects do not affect the 
simulation.  Impact velocities range from 1.52 to 6.10 m/s, which is a range of impact 
velocities of interest for non-lethal military impact scenarios [6-7]. 
In order to isolate the pad material response from the effects of differently sized 
pads, the different pads are scaled to a thickness of 1.91 cm and a diameter of 12.7 cm 
(corresponding to a pad area of 126.68 cm2) in most simulations. These dimensions 
were chosen for convenience and are consistent with a size 6 ACH crown pad. Crown 
pad dimensions were chosen because crown impacts are the simplest mode of impact in 
an ACH: during a crown impact, only the single crown pad with a well characterized 
area supports the head, while in front, side, or back impacts, multiple smaller pads at 
different angles support the head and the actual pad engaged is more complicated to 
determine. Because injuries are not limited to crown impacts but can occur in a variety 
of orientations, simulations that investigated the effects of changing the pad area and 
thickness were performed to determine the sensitivity of the pad response to pad 
geometry. 
For bilayer foam pads simulated with a thickness different from an actual pad 
(e.g. the Riddell pads), the two simulated foams are used in the same proportion as in 
the actual system. For the Team Wendy and Oregon Aero pads, the effects of the 
trapped air were included by adding additional stiffness to the pad system, as described 
       
in Appendix C of [4].  Room temperature conditions were assumed, as data for the foam 
response at extreme temperatures were not available.  
4.2 Results 
4.2.1 General response of the foam pads 
The simulations demonstrated the general response of the foam pads to impact. Foams 
have a characteristic response to compression, represented schematically in Figure 8, 
where force is plotted as a function of compression. The area under the curve gives the 
impact energy absorbed by the foam.  After a brief elastic response, the cell walls of the 
foam begin to buckle and the foam crushes under constant load. When the foam 
densifies (i.e. compresses to the point where its inner cavities completely collapse), the 
force required to compress it further increases dramatically.  
This general response demonstrates why a particular foam is suitable for 
protecting only against impacts of a given energy.  A hard foam with a high crush 
plateau will dissipate all the impact energy without densifying. However, it does so by 
applying a larger force than is needed, and hence causes greater acceleration.  A softer 
foam that is “just right” uses the entire crush plateau to dissipate the impact energy, and 
does so at a lower force (causing lower acceleration). If a foam is too soft for a given 
impact energy, it densifies (or “bottoms out”) before this energy is absorbed by the 
crush and the peak force (and hence, peak acceleration) becomes large.  For a given 
geometry, a single foam is therefore approximately optimal for only one specific impact 
energy, so the use of a multilayer foam can make pads more effective over a wider 
range of impact energies. We say “approximately” because the foam response is 
generally visco-elastic. As the impact velocity, and hence the energy, increases, the 
plateau stress also increases and accommodates some increased energy (although 
 perhaps not optimally). If a soft foam is mixed with a harder foam, the softer foam 
absorbs energy before the harder foam deforms significantly. If the soft foam can 
absorb all the impact energy, the impact is mitigated with relatively low force and low 
acceleration. For impacts with greater energies, once the softer foam densifies, the 
remaining energy will be absorbed by the compaction of the harder foam.  Ideally, this 
will result in a lower acceleration and force than if the entire pad were composed of just 
a soft foam that completely densified, or just a hard foam that applied too much force in 
response to the initial, high-speed impact. 
4.2.2 Comparison of the three foam pad systems 
Figure 9 compares the cylindrical impact simulation results for the three systems 
composed of bilayer foam pads (Team Wendy, Oregon Aero, and Riddell) over a range 
of velocities from 1.52 to 4.57 m/s.  The x-axis is the relative kinetic energy of the 
impactor normalized to a 3.05 m/s impact. The y-axis is the HIC (see the Appendix) 
associated with the acceleration history of the impact. All simulations used the same 
pad geometry— that of a #6 ACH crown pad (1.91 cm thick and a 12.7 cm diameter, 
with a total area of 126.68 cm2).  The fractions of soft and hard foam in each simulation 
were the same as in the actual pad systems (50%-50% for the Team Wendy and Oregon 
Aero, and 30%-70% for the Riddell [16]).  
The Riddell system is the hardest of the three pad systems, while the Oregon 
Aero is the softest. At low speeds (3.05 m/s or less), the Team Wendy and Oregon Aero 
pads produce an almost identical HIC, while the Riddell pad produces a slightly larger 
HIC. As the impact velocity is increased to 4.57 m/s, the Oregon Aero pad reaches a 
point when both component foams completely densify and the peak acceleration and 
HIC increase greatly relative to the other two pad systems. At 4.57 m/s the Team 
Wendy pad starts to densify, whereas the harder Riddell pad still resists the impact in 
       
the plateau region of its harder foam. As a result, the Team Wendy pad produces a 
similar HIC to the Riddell pad.  
At 6.10 m/s (not shown in the figure), the Riddell pad system begins to densify, 
and all three pads have exceeded their effective impact absorption capabilities. The 
Oregon Aero pad produces the highest HIC in this case, followed by the Team Wendy 
pad and then the Riddell pad.  However, impacts that compress the pads beyond 
densification would likely be lethal, and lie outside the scope of this study.  Overall, for 
identical pad geometries, the Oregon Aero pads and the Riddell pads provide no 
apparent benefit over the Team Wendy pads currently used in the ACH, for non-lethal 
militarily relevant impact scenarios.  
It should be noted that we do not claim that a 6.10 m/s impact is lethal to a 
person wearing an actual helmet. A real helmet system is probably more compliant than 
the simplified cylindrical geometry, so compressing the pads beyond densification in a 
real helmet system would likely require even higher impact speeds.  While our results 
indicate that a single 1.91 cm thick crown pad alone is not likely to protect against 
injuries for impacts above 4.57 m/s, an entire helmet system that spreads the impact 
across multiple pads and includes the effect of the deformable helmet shell could be 
more effective.  The cylinder impact simulations are useful for comparing one material 
to another but do not necessarily predict the likelihood of injury for distinct full helmet 
systems.  
4.2.3 Effects of pad thickness 
We next consider the importance of pad thickness. Thicker pads employ a greater 
“stopping distance” and hence can dissipate a given amount of energy with less force 
(and hence a lower peak acceleration, HIC, and lower chance of injury). Figure 10 
compares the cylinder impact simulation results for Team Wendy pads scaled to 
 different thicknesses ranging from 1.52 cm to 3.81 cm, over a range of velocities from 
1.52 to 4.57 m/s. All simulations used a 12.7 cm pad diameter and an area of 126.68 
cm2.  The fractions of soft and hard foam in each simulation were the same as in the 
actual #6 pad system (50%-50%). The thickness of the #6 ACH crown pad is 1.91 cm.  
At every impact velocity, a thicker pad produces a lower HIC, although the effect is 
most significant at larger velocities.  For example, at 4.57 m/s, increasing the pad 
thickness by 0.38 cm from 1.91 cm to 2.29 cm reduces the HIC from 917 to 665, and 
increasing by another 0.38 cm to 2.67 cm reduces it to 528. 
For a given impact energy, there is a limit to the benefit imparted by thickening 
the pads, evident as the curves coalesce at higher thicknesses. At 3.05 m/s, little benefit 
is attained with pads thicker than 1.91 cm. At 4.57 m/s, little benefit is attained with 
pads thicker than 3.05 cm. This is likely because the main benefit of a thicker pad is that 
it absorbs more energy before it densifies. When a pad is thick enough to avoid 
densification at a given energy, additional thickness reduces the HIC by only small 
amounts. 
Overall, the dependence of the HIC on thickness suggests that wearing helmet 
shells that are at least one size larger and have correspondingly thicker pads could 
reduce injuries dramatically for severe impacts. 
4.2.4 Impact Response of the Xenith Air-Filled Pad  
For the Team Wendy, Oregon Aero, and Riddell pads, our methodology was to scale 
them all to a common pad thickness and diameter comparable to an ACH #6 crown pad. 
But unlike the other pads, the Xenith pad is not a bilayer foam. It is a complex air-filled 
structure designed to elastically buckle at a given load and expel air at a controlled rate. 
Each pad is approximately 5.08 cm in diameter and 3.68 cm thick and its impact 
response if it were thinner cannot be predicted by simply scaling down its thickness.  
       
However, because the other three pad systems are bilayer foams, for which the material 
behavior has been characterized, they can be scaled up to the larger thickness of the 
Xenith pad. The response of the Xenith pad system can then be compared to the 
response of the other three pad systems at the same thickness.   
An actual 5.08 cm diameter Xenith pad cannot be physically scaled up to the 
12.7 cm diameter of an ACH crown pad. However, a simulation of a 12.7 cm diameter 
pad with Xenith-like behavior can be thought of as equivalent to a number of Xenith 
pads with a combined total area of 126.68 cm2 acting side by side. Hence the response 
of all four systems can be compared at the same area. 
Figure 11 compares the cylinder impact simulation results for the Team Wendy, 
Oregon Aero, and Riddell bilayer foam pad systems to the Xenith pad system for 
velocities from 1.52 to 6.10 m/s. All simulations used the same pad geometry: 3.68 cm 
thick and a 12.7 cm diameter (126.68 cm2 area).  The fractions of soft and hard foam in 
the three foam pad systems matched the actual pad systems (50%-50% for the Team 
Wendy and Oregon Aero, and 30%-70% for the Riddell [16]). 
The results in Figures 9 and 11 are similar but the pad systems in Figure 11 are 
thicker, so the HIC values are lower at all velocities than for the same systems in Figure 
9.  The Team Wendy and Oregon Aero foams are the softest and have the lowest HIC 
values at low speeds. The soft Oregon Aero pads begin to densify at impacts of about 
4.57 m/s, while the harder Team Wendy pads begin to densify at somewhat higher 
speeds. Note that because of the increased thickness, densification occurs at higher 
speeds for all the pads in Figure 11 relative to Figure 9. The Riddell pad is harder than 
the Team Wendy and Oregon Aero pads and produces a higher HIC at low speeds, but 
has still not densified at 6.10 m/s and produces the lowest HIC.  
 For the same 3.68 cm thickness and 126.68 cm2 total pad area, the response of 
the Xenith pads is significantly stiffer (i.e. the pads are harder) than any of the foam 
pads. Consequently, they produce a higher HIC at every impact. However, they never 
are compacted to the point where their response stiffens (the equivalent of the foams 
densifying). 
As was the case for the 1.91 cm thick pads in Figure 9, for identically sized 
pads, Figure 11 highlights that the Oregon Aero pads and the football pads (Riddell and 
Xenith) do not provide any apparent benefit over the Team Wendy ACH pads for the 
militarily relevant impact velocity ranges considered here, if the same pad geometries 
are used. 
4.2.5 Effect of Pad Area on Pad Impact Response 
Having compared pads of identical geometries, we note that different helmet systems 
may employ different numbers of differently sized pads in different arrangements. The 
amount of pad area that stops a given impact is not necessarily the same for the different 
systems, or even for differently oriented impacts in the same helmet system. For 
example, in a Riddell football helmet, the pads protecting against crown impacts cover a 
smaller area than typical ACH crown pads. It is therefore important to discuss the effect 
of pad area on impact response. 
Figure 12 compares the cylinder impact simulation results for a Team Wendy 
crown pad with area 126.68 cm2, Riddell pads with areas of 126.68 cm2 and 63.34 cm2, 
and pads with Xenith behavior and areas of 81.07 cm2 and 40.54 cm2 (corresponding to 
four and two Xenith pads, respectively). The reduced pad areas for the Riddell and 
Xenith pads roughly correspond to actual pad areas used in football helmets: the Riddell 
crown pad has approximately half the area of an ACH crown pad, while in the Xenith 
helmet the pads are positioned so that impacts from various angles are absorbed by 
       
between two and four pads. All pads had the same thickness of 3.68 cm. The fractions 
of soft and hard foam in the two foam pad systems were the same as in the actual pad 
systems (50%-50% for Team Wendy and 30%-70% for Riddell [16]).  
Reducing a pad’s area effectively makes it softer, but also causes it to densify 
sooner. When the Riddell pad’s area is reduced by 50% (roughly comparable to the area 
that actually supports the crown of the head in a football helmet), its response at lower 
impact speeds is comparable to the Team Wendy pad system. However, the reduced 
area Riddell pad densifies above 4.57 m/s and its HIC value at 6.10 m/s is significantly 
higher than the Team Wendy pad or the full area Riddell pad. 
The reduced area Xenith pads also produce a lower HIC at low speeds than the 
full area Xenith pad. Two 5.08 cm diameter Xenith pads produce a comparable HIC to 
the 12.7 cm diameter Team Wendy pad at 1.524 and 3.05 m/s. They produce a slightly 
higher HIC at 4.57 m/s, but don’t bottom out in the velocity range in the figure, so that 
at 6.10 m/s they are comparable to the Team Wendy pad, which is densifying. The 
response of four 5.08 cm diameter Xenith pads lies between the two-pad response and 
the 126.68 cm2 area Xenith response. 
When pad areas are reduced, the football pad systems produce HIC values that 
are comparable to the Team Wendy system at low speeds, but only the reduced area (2 
pad) Xenith system is comparable at high speeds.  However, at no speed does 
performance of the football pads exceed that of the Team Wendy ACH system for these 
militarily relevant impact scenarios. This does not imply that the Team Wendy pad 
system would be better than the NFL systems in football-relevant impact scenarios, 
since football-relevant impacts may be different in character (helmet shell compliance, 
impact velocity, mass of the impacting objects, etc.) from militarily relevant impacts. 
For example, in combat, if a soldier is knocked to the ground, or against an object, or 
 suffers a glancing blow to the head by debris or shrapnel, it may be appropriate to 
consider only the mass of the head when determining the impacting mass that the pads 
must absorb. However, in many football-relevant impact scenarios, a significant fraction 
of the entire body mass of the player may be driving the head into another object, and 
hence the impact energy for such hits that the pads need to absorb may be greater [18].  
The thicker and harder NFL pads may therefore be more effective for higher energy 
impacts. 
5 Discussion and Conclusion 
We have used computational simulations to study how different helmet pad systems 
mitigate head impacts.  We considered the Team Wendy foam pads currently used in 
the ACH, Oregon Aero foam pads formerly used in the ACH, Riddell foam football 
helmet pads, and Xenith football helmet pads.  
 To obtain material properties needed for the simulations, we performed 
experimental stress-strain measurements over the strain rates of interest to obtain the 
material response of the different pad foams and of the complete pad systems. We used 
CT scans of the helmet shell to develop accurate geometric computational models of the 
helmet.  Combining the material models of the foams and geometric model of the 
helmet shell, we computationally recreated a series of crown impact experiments 
conducted at USAARL, and showed that the simulations capture the essential features 
of the experimental data.  
Having validated our computational approach, we developed a simulation 
geometry for isolating the effects of the foam material from other effects, such as 
interactions between pads and deformations of the helmet shell. A simplified geometry 
was necessary to remove the influence of pad shape and helmet shell differences, and to 
standardize the comparison between pad materials. For this purpose, we simulated a 
       
cylinder with a mass comparable to a human head impacting against circular pads of the 
different materials, each comparable in size and geometry to an ACH crown pad. We 
conducted a range of sensitivity studies examining how the impact response depended 
on foam material, pad thickness, and pad area. 
At lower impact velocities softer pads perform better, and at higher impact 
velocities harder pads perform better. Reducing the area of a pad is equivalent to 
making it softer. Thicker pads perform better at all velocities, but especially at high 
velocities.  This suggests an immediate low-cost and practical mitigation strategy for 
lessening the severity of impact-induced traumatic brain injury for soldiers:  by using 
helmet shells that are at least one size larger with correspondingly thicker pads, the 
injuries from impacts, especially severe impacts, may be reduced significantly.  Our 
results also show that for comparable geometries and for room-temperature militarily 
relevant impact scenarios, neither the Riddell, the Xenith, nor the Oregon Aero pads 
outperform the Team Wendy pads currently used in military ACH systems. 
More broadly, our work also exemplifies how numerical modelling, simulation, 
and analysis provide a versatile complement to experimental testing to improve head 
impact protection equipment and could yield overall cost savings during product design, 
development, and testing. A large number of simulations can be run quickly and cost 
effectively compared to experiments, and the simulations can illuminate the physical 
mechanisms and principles that guide conceptual strategies for improvement. This is 
exemplified in our discussion of Figure 8, which illustrates how an ideal foam should 
neither be too soft nor too stiff and how multi-layer foams are needed to ensure this 
optimal condition can be met at more than a single impact velocity. 
Finally, we emphasize that our study focused on the performance of individual 
pads in standardized tests, which is distinct from studying the efficacy of different 
 complete helmet systems.  It is important to identify the principles of protection of each 
constituent of a helmet separately to know how changing each constituent will influence 
an overall helmet system.   
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Appendix: Use of the Head Injury Criterion as a metric for measuring 
impact response 
Use of only the peak acceleration to evaluate the severity of an impact, or the 
effectiveness of a pad at protecting in that impact, is a flawed approach. Larger peak 
accelerations over very short durations are known to be less dangerous than lower 
accelerations over longer durations.  The peak acceleration can also be very sensitive to 
experimental or computational variations which could produce misleading injury risks 
if, for example, high accelerations occur only for a very short time.  A related issue is 
that acceleration data, whether obtained from an experiment or a computational 
simulation, is generally noisy and must be filtered, and the peak acceleration depends on 
the type of filter and the filtering frequency used. Two experiments could produce very 
similar acceleration histories with similar likelihoods of injury, but if the experimental 
data were filtered at different frequencies, dramatically different peak accelerations 
could be reported.   
Instead, we evaluate impact severity using the Head Injury Criterion (HIC). This 
is a well-established metric developed from experimental data that quantifies the 
severity of linear acceleration upon impact, with respect to the likelihood of injury [15].  
For a given linear acceleration history a(t), the HIC is defined as: 
!"# = max!!,!! !!!!!! ! ! !"!!!! !.! (!! −   !!) , (1) 
where the acceleration a(t)  is in units of gravity (1 G = 9.8 m/s2) and the initial time t1 
and the final time t2 are in units of seconds. A bounding time interval !! −   !! ≤ 0.015 
seconds is commonly used to ensure that the HIC is computed temporally close to the 
acceleration peak. Note that if large accelerations are very short in duration, the 
 corresponding HIC can be less than for lower accelerations that last much longer. 
The value of the HIC can be related to the probability of injury [17], provided 
that it is calculated from an acceleration trace representing a realistic impact event. A 
HIC of 1000 is considered to be life threatening and corresponds to an 18% chance of 
severe injury, a 55% chance of serious injury, and a 90% chance of moderate injury in 
the average adult. A HIC of 600 is considered to be the threshold for moderate injury 
and corresponds to an 18% chance of serious injury and a 50% chance of moderate 
injury. A HIC of about 300 is the threshold for minor concussions (approximately a 
50% chance). 
Because the HIC considers both peak acceleration and duration, it more 
accurately reflects the severity of an impact than peak acceleration alone. Because it 
integrates the acceleration history, it is far less sensitive to highly transient variations in 
acceleration, noise, and filtering method than peak acceleration. For these reasons, we 
employ the HIC to characterize the severity of an impact and to evaluate the relative 
effectiveness of various pad materials. However, we do not attempt to use the HIC to 
estimate probability injury for scenarios where the simulation geometry does not 
correspond to a realistic impact. 
  
       
 
References 
[1] J.A. Langlois, W. Rutland-Brown, and M.M. Wald, “The epidemiology and 
impact of traumatic brain injury: a brief overview”, Journal of Head Trauma 
Rehabilitation, 2006. 21(5): 375-8. 
[2] H. Fischer, “U.S. Military Casualty Statistics: Operation New Dawn, Operation 
Iraqi Freedom, and Operation Enduring Freedom”, 2010, Congressional 
Research Service, Report RS22452.  
[3] T. Udall, R. Blumenthal, F.R. Lautenberg, 2011, “Children's Sports Athletic 
Equipment Safety Act” 112th Congress, Bill S.601.  
[4] W.C. Moss, M.J. King, 2011, “Impact Response of U.S. Army and  National 
Football League and Military Helmet Pads”, 
http://handle.dtic.mil/100.2/ADA536266, report LLNL-SR-471496 for JIEDOO, 
DTIC ADA536266. 
[5] W.C. Moss, M.J. King, and E.G. Blackman, “Skull Flexure from Blast Waves: 
A Mechanism for Brain Injury with Implications for Helmet Design”, Physical 
Review Letters 103:108702 (2009). 
[6] B. J. McEntire & P. Whitley, USAARL Report 2005-12 “Blunt impact 
performance characteristics of the Advanced Combat Helmet and the 
Paratrooper and Infantry Personnel Armor System for Ground Troops Helmet”. 
[7] “U.S. Combat Helmet Suspension System Comparison (2006)”, USAARL 
Report obtained from http://www.operation-helmet.org. 
[8] B.J. McEntire and C. Chancey, private communication (2010). 
[9] M.A. Puso and S. Govindjee, “A Phenomenological Constitutive Model for 
Rigid Polymeric Foam”, 1995 ASME Int. Mech. Engr. Congr. And Expo. (San 
Francisco, CA, Nov. 1995), San Francisco, CA, 11/12/1995 – 11/17/1995, 
ASME MD-Vol. 68; Symposium on Mechanics of Plastics and Plastic 
Composites, 215. 
[10]  http://www.cadexinc.com 
 [11] A.J. DeGroot, R.J. Sherwood and C.G. Hoover, “ParaDyn: a Parallel Nonlinear 
Explicit, Three-Dimensional Finite-Element Code for Solid and Structural 
Mechanics, Version 9.1”, LLNL-SM-417205 (2009). 
[12]  M. Aare and S. Kleiven, “Evaluation of head response to ballistic helmet 
impacts using the finite element method”, International Journal of Impact 
Engineering 34(3): 596–608 (2007). 
[13] Data obtained from efunda.com; Young’s modulus E = 44.8 GPa, Poisson’s 
ratio ν = 0.35, and density ρ = 1.8 g/cc.   
[14] B.J. McEntire, USAARL, private communication (2010). 
[15] J. Versace, “A Review of the Severity Index”, Proceedings of the 15th Stapp Car 
Crash Conference, SAE Paper 710881 (1971).  
[16]  The Riddell crown pads are 100% hard foam, whereas, the side pads are 
70%/30% hard/soft. We used the 70%/30% pads in this study because the 100% 
hard foams would have produced excessively large HICs. 
[17] P. Prasad and H.J. Mertz, “The position of the United States delegation to the 
ISO working group on the use of HIC in the automotive environment”, SAE 
Paper #851246, Society of Automotive Engineers, Warrendale, PA, USA 
(1985). 
[18]   E.G. Blackman, “Incorporating Human Body Mass in Standards of Helmet 
Impact Protection against Traumatic Brain Injury”, 
http://arxiv.org/abs/0904.2856  
  
       
 
 
Table 1 – Peak acceleration and HIC values for USAARL experiments and 
corresponding simulations. Note that the data presented here omits one significant 
outlier for the Team Wendy impact at 3.05 m/s, where the peak G’s were nearly 
twice as large as the measured values in three other tests. 
 
 
 
Figure 1 – Different pads considered in pad impact study: Team Wendy; Oregon 
Aero; Xenith; Riddell  
 
  
  
Figure 2 – An ACH in the USAARL crown impact test just prior to impact on a 
hemispherical anvil 
 
 
 
 
 
 
       
Figure 3 – Geometry used to simulate the USAARL experiment shown in Figure 2. 
(a) The half-model that was used for the simulations consists of ~60k elements. 
Zoning in the helmet is shown. The headform is transparent in order to view the 
side pads. (b) Interior view of the complete helmet and pads. 
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Figure 4 – Headform center-of-mass velocity in USAARL drop tower experiments 
and our simulations. (a) 3.05 m/s impact. (b) 4.311 m/s impact. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 – Headform center-of-mass acceleration in USAARL drop tower 
experiments and our simulations. Simulated and experimental peak accelerations 
and acceleration pulse durations are consistent. (a) 3.05 m/s impact. (b) 4.311 m/s 
impact. 
 
 
(a) (b) 
(a) (b) 
       
 
 
Figure 6 – Differences in helmet pad size, shape, and distribution between Army 
and football systems 
 
 
 
 
 
 
 
 
Figure 7 –Cylinder impact geometry 
 
 
 
 
 
 
 
  
Figure 8 – General response of foam to compression during an impact. It is 
assumed that the integral under each curve to the point where the impactor stops 
(green dot) is equivalent to the initial kinetic energy of the impactor. 
 
 
 
 
 
 
 
 
Figure 9 – HIC as a function of relative kinetic energy for cylinder impact 
simulations of three different pad systems with identical geometries (1.91 cm thick) 
 
 
 
 
 
       
 
 
 
Figure 10 – Effects of pad thickness for Team Wendy pads in cylinder impact 
simulations. Increasing the standard 1.91 cm thick pad by 0.38 cm has a significant 
effect on impact mitigation.  
 
 
 
 
 
Figure 11 – HIC as a function of relative kinetic energy for cylinder impact 
simulations of four different pad systems with identical geometries (3.68 cm thick) 
  
Figure 12 – Effects of pad area in cylinder impact tests, for a 3.68 cm pad thickenss 
 
